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Summary 

Autoaggregation is a phenomenon thought to con- 
tribute to colonization of mammalian hosts by 
pathogenic bacteria. Type 1 fimbriae are surface 
organelles of Escherichia coii that mediate D-man- 
nose-sensitive binding to various host surfaces. This 
binding is conferred by the minor fimbria! component 
F!mH. in this study, we have used random mutagen- 
esis to identify variants of the FimH adhesin that 
confer the ability of E. coii to autoaggregate and settle 
from liquid cultures. Three separate autoaggregating 
clones were identified, all of which contained multiple 
amino acid changes located within the N-termlnal 
receptor-binding domain of FimH. Autoaggregation 
could not be Inhibited by mannose, but was inhibited 
by growth at temperatures at or below 30 C. Using 
green fluorescent protein (GFP) as a reporter, we 
show that the autoaggregating clones do not mix with 
wild-type fimbriated celis. Electron microscopy 
shows that autoaggregating ceiis produce fimbriae 
with a twisted and entangled appearance. We present 
evidence that autoaggregating versions of FimH aiso 
occur in nature. Our results stress the highly adaptive 
nature of the ubiquitous FimH adhesin. 



introduction 

Some bacteria are able to autoaggregate, a phenomenon 
readily observed in the microscope as a characteristic 
clumping of cells and, macroscopically, as fioccuiation and 
,i Hi h j of ceils irom static < i n n A number o: 
surface factors are known to be Implicated In auto- 
al on of Escherichia coii, such as Antigen 43 (Ag43), 
the product of the flu gene (Diderichsen, 1980; Hasman 
et ai., 1999), curii (Olsen et ai., 1989), the AAF/i and 
AAF/li aggregative adherence fimbriae produced by 
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enteroaggregative £. coii (EAEC) (Nataro et ai., 1992; 
Czeczulin et ai., 1997) and the bundle-forming pill (BFP) 
I II thogenic i ; i •; 0) Bii K 

etal., 1998). 

We are particularly interested in type i fimbriae, which 
are rigid 7-nm-wide and ~ 1-^m-long, rod-shaped surface 
structures found on the majority of £. coii strains and 
widespread among other members of the Enterobac- 
teriaceae (Klemm and Krogfeit, 1994), A typical type 1 
fimbriated bacterium has 200-500 peritrichousiy arranged 
fimbriae on its surface. Inl N pel fimbriae 

and receptor structures has been shown In a number of 
studies to play a key role in the colonization of various host 
tissues by E. coii (Yamamok i >ch et ai., 

1992) and in biofilm formation on abiotic surfaces 
(Pratt and Kolter, 1998; Schembri and Klemm, 2001a). 
Also, in certain strain backgrounds, type 1 fimbriae can be 
regarded as virulence factors. Indeed, we and others have 
shown previously that the expression of type 1 fimbriae in 
£. coii is linked to urinary tract pathogenesis (Conneii era/., 
1996; Muivey et ai., 1998; Sokurenko era/., 1998). 

Type 1 fimbriae are heteropolymers; the bulk of the 
structure is made up of about 1000 copies of the major 
subunlt protein, FimA, polymerized into a right-handed 
heiicai structure. Additionally, small quantities of the minor 
components FimF, FimG and FimH are also present 
(Klemm and Christiansen, 1987; Krogfeit and Klemm, 
1988). It has been shown that the receptor-recognizing 
element of type 1 fimbriae it; the 30kDa FimH protein 
(Krogfeit et ai., 1990). The FimH protein is located at the tip 
at i i$ i rig the fimbria! shaft 

(Abraham etal., 1987; Krogfeit ef ai., 1990; Jones etal., 
1995). The FimF and FimG components are probably 
required for integration of the FimH adhesin into the 
fimbrial organelle (Klemm and Christiansen, 1 987: Jones 
etal., 1995). 

By virtue of the FimH adhesin, type 1 fimbriae mediate 
adhesion to a va f m coprou ins. 

Additionally, FimH-mediated binding to protein targets 
sucr; as iaminin (Kukkonen etal, 1993), collagen (Pouttu 
ef ai, 1999) and fibronectin (Sokurenko ef ai., 1994; 

heml > r faces (Pratt 

and Kolter, 1998; Schembri and Klemm, 2001a) has been 
reported. Changes in receptor specificity were found to 
result from minor variations in the amino acid sequence of 
FimH. Also, the affinity of FimH towards mannose targets 
can vary as a result of changes in its primary structure. In 
about 80% of faecal E. coii isolates, the FimH adhesin is 
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only capable of binding to trimannose receptors. In con- 
trast, the FimH adhesins from **70% of urinary tract 
Isolates carry minor mutations (compared with the faecal 
isolates), which enhance the ability to recognize mono- 
mannose receptors (Sokurenko e? a/., 1995). The mutant 
alleles confer a significantly higher tropism for the 
uroepithelium (Sokurenko ef as., 1998). A number of 
structure-function studies have indicated that the N-termi- 
nal half of FimH is involved In receptor recognition 
(Schembri ef a/., 1996; Langerman era/., 1997; Knudsen 
and Klemm, 1998; Sokurenko ef a/., 2001). This was 
confirmed when the three-dimensional structure of the 
FirnC— FimH complex was elucidated (Choudhury et al., 
1 999). According to this, the FimH protein is folded into two 
i rr sin in M-ten i j jc rr - n 

(residues 1-156) linked by a short tetrapeptide loop to 
a C-terminal organelle integration domain (residues 
160-279), with anchorage of FimH to the bulk of the 
organelle being provided via donor strand complemen- 
tation. In a previous study, we described the construction 
of a FimH mutant library by polymerase chain reaction 
(PCR)-lnduced random mutagenesis of the fimH gene 
(Schembri eiai., 2000). Specific mutations were identified 
that alii 1 ib of i I i to i >n m n n i 

oligomannose and protein targets. In this work, we report 
on novel FimH variants that mediate auto-aggregation of 
bacteria. 



Results 

isolation of autoaggregating clones 

The mature FimH protein consists of 279 amino acid 
residues. A FimH mutant library was created consisting 
of a pool of fimH genes with PCR-introduced random 
mutations within the segment encoding amino acids 
10-225 of the mature FimH protein of E. coii K-12 
(Schembri ef al., 2000). in order to express the FimH 
variants as constituents of fimbriae, a helper plasmid. 
pPKL1 15. encoding 3 g es < < N H is u ' I 
for transcom 1 i 11 g plasm ids. 

During routine growth of liquid aliquots of the mutant 
library, small fast-forming precipitates of cells were some- 
times o ;i ei itate a ca 
sampled and grown as liquid cultures, a large fraction of 
the entire culture was si en to S tubes were 
left standing. This behaviour is not seen in the case of wild- 
type FimH. In order to select further for aggregating 
mutants, the procedure was repeated three times, after 
which the pr c 3 f r c onies. 

Fifty of the enriched clones were randomly selected and 
tested foi t! - > \ aggregate from standing liquid 
cultures. Twenty-two of the 50 clones were observed to 
autoaggregate and settle rapidly under these conditions. 



To ensure that the observed aggregation phenotype was 
indeed the result of specific alteration of the fimH gene, 
each of the f/mH-encodlng plasmids was isolated and 
retransformed into S1918(pPKLi15), The new recombi- 
nant clones displayed the same aggregation phenotype as 
the original isolates, indicating that the phenotype was 
iaa- | 1 r< i.v-< ' !■ m 1 r s i onferred 

rapid settling of ceils from standing liquid cultures (Fig. 1), 
identical to the settling phenotype mediated by the Ag43 
autoaggregation protein. We refer to this phenotype as 
FimH-mediated autoaggregation. 



Sequence characterization of fimH clones thai induce 
aggregation 

n i In i I > f >fi lie 

aggregating clones were determined. The sequences 
revealed that there were indeed only three different clone 
types; the three plasmids were referred to as pMAS54, 
pMAS60 and pMAS62. Plasmid pMAS54 was found in 13 
of the 22 clones (59%), plasmid pMAS60 was found in six 
of the clones (27%), and plasmid pMAS64 was present In 
three clones (14%). The fimH variants all contained 
multiple codon changes, which were all located in a region 
corresponding to the first 155 amino acids of the mature 
FimH protein, i.e. within the lectin domain of FimH 




(A) compared with 'i-s* of 

Cells ere ai iron 7 r d rri a lowed i settle 

for4h. 
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(Table 2). Plasmids pMAS54 and pMAS80 had nine and 
six changes, respectively, that caused amino acid 
alterations in FimH. Piasmid pMAS62 had three changes 
that resulted in amino acid alterations in FimH and, 
additionally, a frameshift mutation in codon position 92 
(Table 1). 

FimH-mediaied autoaggregaiion phenoiype 

Bacterial autoaggregaiion Is a phenomenon often associ- 
ated with colonization of host surfaces and can be readily 



assessed by Sight microscopy, indeed, examination of cells 
from each of the three clones by light microscopy revealed 
the presence of large, tightly packed aggregates of cells 
(Fig. 2). These aggregates were unable to be dispersed by 
vortexing or by the addition of high concentrations of 
methyi-ct-D-mannopyranoside («mm), a known inhibitor of 
FimH-mec 3 jrowfh ii 

the presence of amm did not inhibit autoaggregaiion. 
intriguin * t - \ " it ^ ni >\\t n - 
type of all three clones was temperature dependent; at 
30°C, the cells did not form prominent aggregates after 
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a. Deletion of one base at these codon positions of the mature FimH protein, 
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pSVSASt 



PMAS54 



pMABm 



pMAS62 




overnight growth In LB broth, whereas at 37 : C, the 
opposite was observed (Fig, 2). It should be noted that, in 
the case of the pMAS54 FimH, small-cell aggregates were 
still observed at 30 C This temperature-dependent 
autoaggregation phersotype was corroborated by examin- 
ation ol the settling profiles of trie clones when grown at 
either 30 = C or 37°C (Fig. 3). In line with the microscopic 
observations described above, only the pMAS54 FirnH 
mutant could promote fiocculation of ceiis at 30°C, albeit 
to a lesser degree than that observed at 37°C. Taken 
together, our data indicate that autoaggregation is FirnH 
based and temperature dependant. 



Autoaggregstk o la no! the result oi ivgh-copy-numbei 
effects 

The fimH variants and auxiliary fim genes used were 
located on the high-copy-number vectors pUC19 and 
p.ACYC184 respectively. In order to eliminate any 
hypothetical effects of the high-copy scenario, the fimH 
genes were subcloned into the pMW1 1 9 low-copy vector, 
which is; based on the pSC ■ 01 piasrnid with a copy number 
of --~3 (Lebner-Olesen, 1999). Additionally, we construc- 
ted an E. coii K-12 strain, MS105, which is a fimH 
derivative of ORN194. This strain has chromosomally 
located fim genes, the expression of which is driven by a 
lac promoter. Upon induction wlih IPTG, MS1Q5 hosts 
harbouring plasmids pPKL287, pPKL288 or pPKL289, but 
not the wild-type control (pPKL286), were observed to 
i agg g it I e autoaggregation conferred by one of 
these plasmids, pPKL287, Is illustrated In Fig. 2B. 



The mutant FimH proteins are displayed on the cell 
surface 

fn wiid-type fimbriae, FimH Is displayed on the bacterial 
surface as an integral component of the fimbria! organelle. 
The classical way of monitoring type 1 fimbriae-medlated 
adhesion to eukaryotic cells; is agglutination of erythro- 
cytes or yeast ceils. Yeas; ceil agglutination is the most 
conserved binding property among natural £•' coll isolates; 
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hie i 

nrix-aggregativc: phencnype ot cells oppressing FirnH i/arianis 
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\ ( < eg the fc coh K 12 hnH (p\ ' 

also shown. The effect ot temperature on FimH -mediated bacterial 
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B Pnase-oonpsis; microscopy demonstrating the antoaggiegahor: 

he - n ok© y the lovv-i i i g 

d j i i v \ i i r s\ r i r I 

i r c "--a m oV V? j- i 

C. Phase-contrast microscopy demonstrating the antoaggregarive 
phenotvpe of £. coil SI 91 f i i 

from wild-Type U5 1st: <• 
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- pMosee 

~ pUASSP 



and is sp< i ed by FliTiH i 

surface display of the mutant FlmH proteins, we tested 
! ; ab / of the st - 1 i ,< nan js: eel On > h£ 
pMAS54 and pMAS62 FimH proteins were able to cause 
agglutination, albeit not as efficiently as the wild-type 
FimH, and this agglutination was inhibitabie by amm. !n 
the case of the pMAS82 FimH, yeast agglutination was 
somewhat surprising, as it contained a frameshift mutation 
In codon position 92 (see later). The inability of the 
pMASSO FimH to cause yeast ceil agglutination indicates 
that some combination of the SI 14R, N136Y, Q143L and 
V155Gm, a n ) mannose 

binding. In this respect, it is important to note that muta- 
genesis of position 136 in FimH was shown previously to 
abolish agglutination (Schembri etai., 1996). 

In order to demonstrate surface display of the FimH 
variants further, fii - is from each of the 

autoaggregating clones were submitted to Western 



blotting using a FimH-speciflc antiserum (Fig. 4). In all 
cases, clear signals were observed corresponding to 
FimH. Taken together, our results Indicate that the 
observed changes in FimH do not impede organelle 
integration and surface display of FimH. 

Translations! frameshifiing alleviates deletions in fimH 

The mature form of FimH consists of 279 amino acid 
residues. The fimH mutant encoded by plasmid piV1AS62 
contains a deletion of one base m codon 92 (correspond- 
ing to amino acid 92 In the mature FimH). Arguably, this 
should result In misreading of the downstream sequence 
before reaching a stop codon at position 109 and result In a 
truncated FimH protein. The AGY-decoding iRfsiAf^j 
shows a marked propensity to induce translational 
frameshifiing by decoding a doublet codon (Farabaugh, 
1 ! ,1 jl < 88 actually i A< C * cord 

ingly, the AGC codon at position 88, which is prone to 
H N J ii i' translational t i im (causing a 

shift in the -1 direction), might, in combination with the 
deletion of one base in codon 92 (causing a shift in 



! +1 ( 



. The 



nd ti 



ead 



as 88 SRNAAV 93 instead of the wild-type sequence 
88 SETPRV 93 . According to this mechanism, a significant 
number of translation events would give rise to normal- 
sized FlmH products. To test this hypothesis, we 
introduced a deletion of one base in codon 89 of the 
fimH gene resulting in plasmid pMAS69. Interestingly, 



ransfor 



with 



pMAS69 show good yeast agglutination tltres (albeit 
lower than the wild type), indicative of the presence of 
functional FimH on the ceil surface (data not shown). 
Furthermore, when fimbriae preparations from strains 
expressing the variant FimH proteins encoded by eifier 
pMAS62 or pMAS69 were submitted to Western blotting, 
using a FlmH- specific antiserum, clear signals corre- 
sponding to full-length FimH were observed (Fig. 4). As 
expected, the amounts of FimH protein from both strains 
were reduced compared with the wild-type control. 

FimH-mediated aggregation is independent of Ag43 

Ag43, the product of the flu gene, Is a self- recognizing, 
surface-located adhesin instrumental in cell aggregation 



F»i 4 WMiem blot of total iiiobiiae prepaiatiofi;; i t cc-h Si 9 i , ; 1 (lana ti i rl same i expressing FimH ■ 
plasrnicis pMASi (lane 2). pMAS54 (lane 3). piv1AS60 (lane 4), pMAS62 (lane 5) and pMAS69 (lane 6). The blot was reacted with a 
i i ca i 
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and settling as a result of intercellular Ag43-Ag43 
Interaction (Hasman etai,, 1999). Ag43 is the only protein 
of E. coli K-12 known to mediate this phenotype. We have 
der a f < 5n of type 1 fimbria 

abrogates Ag43-Ag43 interaction by physically Impeding 
the close ce!i-ce!l contact required for Ag43-rr;ediafed 
autoaggregation (Hasman etai... 1999). Furthermore, the 
fiiv and flu systems cross-talk at the transcriptionai level 
(Schembri and Ktemrr*. 2001b). To rule out any involve- 
ment of Ag43 in the present observations, an E. coliflm, flu 
double mutant (HEHA16) was constructed. Upon trans- 
formation of this host with our f/roH-encoding plasmids and 
the auxiliary plasmld pPKL'IS, we observed exactly the 
same autoaggregating phenotypes as seen with the 
SI r> 8 h si ■ , i p 1 ' line i " ,r ^ , i t 
phenotype Is independent of Ag43 expression and can be 
reproduced in different E. coli background strains. 

f i c&ult from multiple 

amino acid changes 

The FimH-mediated auti jgn , s nts idt i in 
this study contained multiple amino acid changes. In an 
attempt to define the mutations responsible tor the 
autoaggregation phenotypes, we used overlapping PGR 
to split the mutations (Table 2). These split clones were 
constructed In such a way that each new clone contained 
approximately half the original mutations in comparison 
with their parent FimH-mediated autoaggregative variants. 
None of the split FimH variants displayed the auto- 
aggregating phenotype in the S1918(pPKL115) host 
background, indicating that this phenotype results from 
the concerted action of multiple changes in FisnH. 

FimH from wild-type strains can induce autoaggregation 

The FimH v nts ?< )ted after our in vitro mutagenesis 
procedure invoke a novel autoaggregation phenotype not 



reported previously. A number of FimH variants from wild- 
type E. coli urinary tract infection (UTI) strains have been 
extensively characterized for their binding affinity to 
manncse substrates and proteins (Sokurenko ef ai, 
1995). As a result of our observations, we decided to 
test whether the FimH-mediated autoaggregation 
phenomenon could in any way be reproduced by wild- 
type FimH variants. We introduced plasmids expressing 
wild-type fimH variants from the UTI strains Cl#4 and 
MJ2-2 (Sokurenko etai., 1995) into the S1918(pPKL1 14) 
background strain. Ind* d >n xamin >o jvemight 
cultures, these clones exhibited a significant degree of 
autoaggregation when compared with our K-12 FimH 
control (Fig. 2C). Although this autoaggregation was not as 
pronounced as in our mutant clones, the observations 
indicate that this phenotype may have some relevance to 
i ii )i 5 i em if fn u > i m t 

onsofthi i nism underlying FimH c a 
autoaggregation 

The FimH-mediated autoaggregative phenotype may be 
t li i u i ! i o ami m 

To examine whether the mutant FimH adhesins bound 
specifically to other ceil surface components, we tagged 
potential target ceils w I ji et > - ent protein (GFP). 
Neither E. coli SI 9 18 (Mm strain expressing GFP; data 
not shown) nor t, co//S1918(pHHA13) (expressing type 1 
fimbriae and GFP) was able to bind to any of the 
autoaggregative clones. This was examined by growing 
the strains separately and then mixing them or by growing 
them together as a mixed culture (Fig. 5). Taken together, 
the results indicate that the autoaggregation mediated by 
our FimH variants is not the result of binding to other E, coli 
surface components or to other fimbria! structural proteins. 
We then examined the morphology of the fimbriae 
produced ny tr mi , w - - r ■■ 

by electron microscopy. Each of the clones, unlike the 
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d. Deletion of one base in codon 92 of the mature FimH protein. 
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Fig.5. Phase-conlras* r> i i i ' i i i i - -Z - ■>'; 

S1918 containing pMAS54 and pPKL : 1 v t*"<< <i .\cn E coii 
S1918(pHHA13) (expressing both type 1 fimbriae and GFP). No 
association was observed between the two different ceii types, 
indicating thai' the Firni-i -rneditiied auioaggiegatior: ehenotype is no: 

i i 1 i , o i if i r n 

phase-contrast rnicioscooy. i ] visnaiieatior: of caiis expressing 
GFP. 



wild-rype control, produced twisted rand entangled fimbriae 
thai seemed to give rise to a meshwork of intertwined 
fibres (Fig. 6). 



Discussion 

Many bacteria have the ability to autoaggregate, resulting 
in the formation of compact celi clusters or tight 
communities of cells. In £. coii, a number of different 
mechanisms have been described that promote the 
~r N sou f f A i 

a surface-located autotransporter protein that mediates 
autoaggregation of cells in static liquid cultures (Owen 
era/., 1987; Hasman eta!., 1999). This phenomenon is 
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mediated by intercellular Ag43-Ag43 interaction and can 
be visualized ght microscopy and settling of 

standing liquid cultures (Hasman et a!., 1999}. The 
expression of Ag43 also results in a characteristic frizzy 
colony morphology (Hasman et al, 2000). Curli are 
surface organelles formed on the outside of the ceii by the 
precipitation of secreted soluble subunit proteins into thin 
fibres (Hamrnar era/., 1996). Autoaggregation probably 
results from intercei u p ation mediated by a 

nucieator protein that can be secreted by the same cell or 
adjacent ceils. Bundle-forming pill (BFP) are a type IV 
class of fimbriae produced by EPEC strains that emanate 

i fact trx lignaic tjt ir lone 3 ! jxes 

to form bundles of filaments (Giron et a!., 1991; Bieber 
et al, 1998). These fimbriae are long, flexible, rope-like 
structures composed almost exclusively of a single 
repeating structural subunit referred to as BfpA (Giron 
era/ . 1991 ). Expression of 8FP mediates two phenotypes 
thought to play a role in colonization: autoaggregation In 
liquid cultures and localized adherence on tissue culture 
cell monolayers (Bieber etal., 1998). in EAEC strains, two 
fimbrial types designated aggregative adherence fimbriae 
I and II (AAF/I and AAF/II) have been identified (Nataro 
era/., 1992; Czeczulin era/., 1997). These flexible 2- to 
3-nm-wide structures are thought to be members of the 
E)r family of adhesins (Nataro and Kaper, 1998). The 
aggregative adherence phenotype is distinguished by 
prominent auto agglutination of bacterial cells to each other 
(Nataro etal., 1987). 

Type 1 fimbriated E. coii are able to recognize mannose 
and protein targets (Sokurenko et al., 1994; 1997). 




Fk;. 6. A Electron microscopy of control strain 
expressing wild-type FimH (|) and close-up view 
oi the corresponding ripibn'ae (iii. 
B. Electron m u ji "gating cells 

(i) and ctose-up view of the corresponding 
fimbriae indicating the nature of the convoluted 
organelle st 
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A number of studies have attempted to define the integral 
parts of the FlrnH adhesin that contribute to receptor 
recognition. Linker insertion mutagenesis of FimH in 
positions corresponding to amino acids 56 and 136 in 
the mature protein completely abolished binding to 
D-mannose receptors (Schembri eta!., 1996). Minor struc- 
tural variations occurring naturally in the FimH adhesin o? 
£. coli type 1 fimbriae that can lead to physiologically 
important changes in the pattern et receptor recognition 
have also been found within the N-terminal half of the 
FimH protein (Sokurenko era/., 1994; Pouttu era/., 1999; 
Schembri et a/., 2000). Two reports using fusions of 
sectors of FimH with either MalE or FocH indicated a 
segment encompassing amino acid residues 3-158 as 
constituting a cere region for receptor recognition, with 
additional information residing in the 159-201 region 
(Thankavel et at., 1997; Knudsen and Klemm, 1998). in 
this study, we have identified a novel FimH-mediated 
autoaggregative phenotype from our fimH mutant library. 

The cei! aggregates formed by the mutant FimH 
adhesins were stable and formed in LB broth under 
shaking conditions. Construction of a fim, flu double 
mutant confirmed that this phenotype was independent of 
Ag43 expression. The phenotype displayed by our fimH 
mutant strains shares some similarity to the £. coli 
autoaggregation mechanisms described above, in each 
case, prominent cell aggregates form in liquid culture 
medium that can be viewed directly by light microscopy. 
However, a major difference In the autoaggregative 
phenotype observed here is that the ceil clusters could 
not be dispt i I shea forces. Indeed, this 

phenotype is somewhat similar to a BFP mutant strain 
reported to term static multicellular aggregates that could 
not be dispersed (Bleber et as., 1998). A similar auto- 
aggregative phenotype has also been attributed to the 
expression of thin aggregative fimbriae in some Salmo- 
ne/fe species (Colhnson etal., 1993: Rortiimg eiai . 2000). 
It is remarkable that minor modifications In FimH can 
create fimbriae with novel and dramatically altered 
functional properties Our data underline the functional 
flexibility of the FimH adhesin. It is highly likely that the 
| > >■ some FimH variants is linked to 

biofllm formation in hydrodynamic environments, e.g. the 
urinary tract (Schembri and Klemm, 2001a). This Is not 
very surprising, given that other autoaggregating sub- 
stances such as Ag43 and curii are also associated with 
biofllm formation (Kjas-rgaard et a/., 2000; Prigent- 
Combaret etal., 2000). 

In a previous study, a temperature-sensitive fimH 
mutant was described that could agglutinate guinea pig 
erythrocytes after being grown at 42 C: C but not at 31°C 
(Harris et a!., 1990). This prompted us to investigate 
/rh i e ■< f i m ih pr vt 

could be altered by growth temperature, indeed, we 



i 1 nee in ceil aggregation at 30°C 

and 37°C. The exact reasons for this are unclear; however, 
we propose that some FimH variants may be susceptible 
to temperature-dependent conformational changes that 
alter their functional properties. Further studies are 
required to elucidate the molecular mechanisms of this 
phenomenon. 

Three different FimH mutants were Identified from our 
random mutant library that induced an autoaggregative 
phenotype Eac "ft a mu n m a 1 in. 

acid alterations, with only the VV 1 03R mutation common to 
FimH mutants from piasmids pMAS54 and pMAS62. 
Dissection of these mutants by the construction of split 
clones indicated that the autoaggregative phenotype of the 
three FimH mutants is the cumulative effect of multiple 
amino acid changes (Table 2). Furthermore, it is apparent 
that > difl £ i t mutations are able to evoke the same 
phenotype. This observation is in line with other studies 
describing mono- and trimannose binding specificities of 
FimH (Schembri et a/., 2000). Although the region 
encoding amino acids 10-225 of the mature FimH protein 
was mutagenized, we only found changes within the 
156-amlno-acid lectin domain of the FimH adhesin. The 
FimH variants of wild-type origin (Cl#4 and MJ2-2) each 
had five changes, two of which were identical (Table 2). 
A similar pattern is observed for these variants, i.e. 
alterations occur primarily In the lectin domain, and only 
i i: i - id h domain is altered. Based on the 
three-dimensional structure of FlrnH (Choudhury et a!., 
1999), we looked at the localization or the alterations with 
respect to surface exposure. A significant proportion of the 
changes was indeed surface exposed (Table 2), but no 
obvious pattern was evident. With respect to the library- 
derived variants, it is Interesting to note that the ability of 
two of the autoaggregating clones to agglutinate yeast 
cells (the third did not) was sensitive to amm, although 
Biwn had no effect on autoaggregation. This might indi- 
cate that the autoaggregation is distinct from the mannose 
recognition of FimH. Our data suggest that FimH-mediated 
i oag ega on - n \ ;suit of ii cc v i nd ng to 
some cell surface component, including type t fimbriae. 
How 5ve he pre? nl 

fin a itn a twisted and c >, e not seen It 

the wild-type control, it might be thai he gg 
phenomenon is caused by some form of intercellular fim- 
bria angle! n hi ca tdl mi 
the fimbriae is somewhat controversial. FimH has been 
demonstrated to be present en the tip of the organelle as 
an integral part of a short fibril structure (Jones ef a/., 
1995). Meanwhile, other studies have additionally 
i t ong the fimbrial shaft 
(Abraham etal., 1987; Krogfeit era/., 1990). It is tempting 
to believe that the mutant forms of FimH described here 
can somehev i , c Although the 
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present mutations are located in the part of fimH that 
encodes the receptor-binding domain, the full extent o? 
FimH sectors that are involved in organelle biogenesis and 
subunit-subunit interaction are not known at present and, 
in principle, the reported mutations could affect such 
parameters. 

Our emerging view of FimH depicts it as a multlfaceted 
protein prone to microevolution. Minor changes in this 
adhesin have beer; shown to promote a pathogenicity 
adaptive phenotype that is associated with enhanced 
virulence of the mouse urinary tract (Sokurenko si al. 
1998). From our mutant library, we have isolated FimH 
variants that induce autoaggregation of E coil. This 
phenotype has not been identified before and could in 
principle be a laboratory curiosity. It was therefore com- 
forting to note that wild-type FimH variants originating from 
uropathogenic isolates are able to confer a similar 
autoaggregating phenotype. Furthermore, in the mouse 
UTI model, type 1 fimbriae-expressing E. coil have been 
observed to form microcolonies (Connell era/ . 2000) and, 
thus, one might predict that some degree of autoaggre- 
gation may be associated with type 1 fimbriae-associated 
virulence properties. 



Experimental procedures 

' ! md yrowt cor o tio ; 

fh , a j 1 t ii - ii i i li - ! in 

Table 1. The E. coli K-12 strain HB101 (F lac! kan) (Boyer 
and Rouiiand-Dussoix, 1969) was used as an Intermediate 
host during plasmid construction. All subsequent phenotypic 
analyses were performed in the £ coli Aft'm strain S1918 
{Brown, 1992), HEHA16, ORM194 or MS105. HEHA16 is 
a Mm Aft; derivative of E. coli BD1302 (Dicterichseri, 1980) 
and was constructed using the temperature-sensitive 
gene replacement plasmid sysiem described previously 
trd el al., 2000). GRN194 contains a chromosomaiiy 
located fim locus fused to the lacUVS promoter and can be 
readily induced by IPTG (Woodaii et a/., 1993). MS105 is a 
fimH deletion mutant of strain ORN194 and was constructed 
essentially a? ously (Schembri eial., 1996). To 

facilitate the construction of this strain, the kanamycin 
resistance gene from the fimH deletion plasmid pCH103 
was substituted with an erythromycin resistance gene 
cassette. This plasmid was referred to as pMAS35. The 
FimH express • . •. » -m ■.' mSi oonh-iiis me nmH gene from 
£ coli K-12 strain PC31 (Klemm et al., 1985) under the 
transcriptional control of the lac promoter (Schembri and 
Klemm, 1998). In addition, the plasmid contains unique Kpn\ 
and H/ncli recognition sequences within the fimH gene, which 
flank the region encoding the proposed FimH receptor-binding 
domain (Fig. 1). Plasmlds pPKL1 14 and pPKL115 contain all 
the fim genes except fimH in either pBR322 or pACYC184 
respectively (Klemm ei a/., 1994; Pallesen at a!., 1995). 
Plasmid pMW119, a derivative of pSC101, is a low-copy- 
number (--three copies per cell) cloning vector (Nippon 
Gene). Cells were grown in Luria-Bertani (LB) broth 



(Sambrook et a/., 98 J | 
antibiotics. 



DAM techniques 

isolation of plasrr d DN out using the QIAprep 

Spin plasmid kit (Qiagen). Restriction endonucleases were 
us 3d ... jrding to the ma lurer's speclfi ms (Blolab 
or Pharmacia). The nucleoside sequences were determined 
on both DMA strands by the dideoxynuoleotide chain 
termination method (Sanger et a!., 1977). Oligonucleotide 
primers were purchased from Gibco BRL. 



Construction of the fimH mutant library 

Trie construction of the fimH mutant library has been 
described previously (Schembri et a!., 2000}. Briefly, the 
650 bp Kpn I ~H/ncil fragment of the fimH gene from pfvlASI 
was mutagenized by nucleotide misincorporation during 
suboptimai PGR conditions. Four reactions were performed, 
which contained three of the four nucleotides at a con- 
centration of 50 mfvl and the other at 5 mtvl t 1 ?r 
reaction contained 7 mfvl MgCI 2 to increase the stability of 
n | I ill rid ( lM IvlnCi-: tc; rec uc s 
the template specificity of the polymerase. The error-prone 
PGR procedure was performed for 35 cycles with two primers 
(ms7 and ms8) that flank the Kpn I and HindW sites of the timH 
gene. The amplification products were combined, digested 
with Kpnl and HincU, purified after agarose gel electro- 
phoresis and religated into similarly cut plasmid pMASI to 
construct a library of altered fimH genes. To permit expression 
- • ! i' g FimH variants as functional constituents 
of type 1 fimbriae, the ligation mix was transformed into £ coli 
strain S1918 {A fim) containing an auxiliary plasmid, 
pPKL.115, which encodes the enfire firn gene cluster except 
fimH. The transformation mixture was made up io 10 ml, 
grown to approximately 1 0 times the initial library diversity and 
stored as aliquots at 80 'C in 25% (v/v) glycerol. Analysis of 
300 random transformants revealed that the mutagenesis 
procedure was highly successful, with «80% of trans- 
formants displaying an altered yeast agglutination phenotype. 



1 io tion mm ng assay 

An aliquot of the timH mutant library was grown overnight :n 
LB, diluted to - txl if' cells ml 1 and allowed to settle without 
agitation for 4h. A small volume of the culture was then 
removed from the bottom of the tube and grown overnight in 
the same manner. This procedure was repeated a further four 
times, after which the cultures were streaked for single 
colonies. Fifty clones were then selected and tested 
individually for then H i i 

tlon, as t!M i- i i j r . < if - .1 i i,ht 

growth in LB broth at 37°C under shaking conditions. 



Construction of defined fimH mutations 

Specific amino acid substitutions from the mutant timH genes 
were introduced into ihe wild-type timH sequence by 
overlapping PCR. The following primers were used: ms1, 
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5'-GTGATAAGCTTCACCATACCTACAGC (upstream fimH 
primer); ms2, 5'- GCTCGAATTCCAGCATTAGCAATGTCC 
, - - - ' i - \, - A-aatCGAGAACGGAT 
AAGC; 138, 5' - G CTT ATCCGTTCTCG A ATTAT (overlapping 
internal fimH primers;)- Each construe! was sequenced to 
ensure fidelity of the PGR reaction. Piasmids containing these 
chimeric fimH genes were introduced into Sl918(pPKL1 15) 
and tested for autoaggregation and yeast cell agglutination. 



?;/<>,-■ c is! ceiis 

The capacity of bacteria 1o express a D-mannose-binding 
phenotype was assayed by their ability to agglutinate yeast 
(Saccharomyces cerevisiae) ceiis on glass slides. Aliquots of 
washed j a i j i i ,nd i eas 

ceiis were mixed, and the time until agglutination occurred 
was measured. Furthermore, clones that did not cause any 
s ' afion under these conditions were also tested at 
ODjso-20 and/or low temperature, but still did nol read. 



Autoaggregation assays 

Settling profiles were performed on overnight cultures (10 ml) 
grown at both 30°C and 37°C. At the beginning of the 
i 5 all cutures were shaken vigorously for 10s. 
Samples (100 nl) were taken from the top of the culture at 
regular time intervals, and the optica! density was measured 
at 600 rim (OD e0 o). 

To examine for an effect of amm on FimH-mediated auto- 
aggregation, strains were grown overnight in the presence of 
1 % amm. We also examined whether the same concentration 
r till rc jlrt ! - t f i r 

addition to overnight cultures. 



GFP constructs 

Piasmid pKEN2 encoding constitutive expression of GPP was 
transformed into a ftn-negative (SI 91 8) or fim- positive 
[S1918(pH iA 1 j J j kgr "Pi < < i < 
mixed with FimH-medialed auloaggregating ceiis lacking 
GFP, and the resultant ceil mixlure was observed by using a 
Car! Zeiss Axioplan epifluorescence microscope equipped 
with a filter for detecting GFP. 



Western blotting 

Fimbriae were prepared as described previously (Kiemm 
era/., 1998). Samples were subjected to SDS-PAGE, blotted 
)nio po!-> i (F DF) i i 

described previously (Stentebjerg-Olesen et a!., 1997). A 
polyclonal anti-FirnH rabbit serum (a kind gift from 
E. Sokurenko, University of Washington, Seattle, USA) was 
used as the primary serum, and peroxidase-conjugated 
anti-rabbit serum was used as the secondary serum. 



Microscopy 

Electron microscopy was carried out essentially as described 
previously (Kiemm et al, 1994). In short, a 10 pi aliquot 
of bacteria! suspension was placed on a carbon-coated, 



glow-discharged grid for 30 s. Grids were washed in iwo drops 
of PBS, dehydrated in increasing concentrations of ethano!. 
blotted d , Delis were viewed 

with a Jeoi 100B electron microscope. 
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